We use polarization-resolved mid-infrared pump-probe spectroscopy to study the effect of urea on the structure and dynamics of water. Surprisingly, we find that, even at high concentrations of urea (8 M), the orientational dynamics of most water molecules are the same as in pure liquid water, showing that urea has a negligible effect on the hydrogen-bond dynamics of these molecules. However, a small fraction of the water molecules (approximately one water molecule per urea molecule) turns out to be strongly immobilized by urea, displaying orientational dynamics that are more than six times slower than in bulk water. A likely explanation is that these water molecules are tightly associated with urea, forming specific urea-water complexes. We discuss these results in light of the protein denaturing ability of aqueous urea.
S
olutions of urea in water display a number of interesting properties: hydrocarbons dissolve more readily in them than in pure water, and concentrated solutions can be used to denature proteins in a reversible way. The desire to understand these properties has triggered a great deal of research regarding the structure of aqueous solutions of urea (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . An important question that is encountered throughout the literature is to what extent the hydrogen-bond network of water is perturbed by the incorporation of a urea molecule, as one of the models explaining protein denaturation by urea is built on the assumption that urea strongly alters the hydrogen-bond structure of water (14) . The urea-water system has been studied by using a variety of experimental and theoretical techniques, all of which shed light on a different aspect of the system. Linear infrared and Raman spectroscopies can provide structural information about the hydrogen-bond network, but they depend on simulations to unravel the effect of intermolecular interactions on spectral band shapes (15) . Neutron diffraction experiments produce atom-atom radial distribution functions, and, as such, form more direct methods to obtain structural information (7) . A different class of experimental techniques probes the hydrogen-bond network by observing the dynamics of water molecules. A stiffening of the network is revealed by the slowing down of the water dynamics, whereas faster dynamics are indicative of the weakening of the network. Among these methods are dielectric relaxation (5), NMR (6), and optical Kerr effect (OKE) spectroscopy (8) . Dielectric relaxation and OKE provide dynamical information down to the picosecond time scale but probe the response of the solution as a whole, making it difficult to separate the water response from the urea response. NMR experiments selectively probe the dynamics of water, but determine a timeaveraged response, so that water molecules in the urea solvation shell cannot be distinguished from molecules in the bulk. As a result, it is not yet clear to what extent the hydrogen-bond structure of water is changed by the addition of urea.
Here, we report on the use of mid-infrared pump-probe spectroscopy (16) (17) (18) to study the effect of urea on the hydrogenbond network of water. This technique selectively probes the dynamics of water molecules on a subpicosecond time scale. On this time scale there is no exchange between water molecules inside the urea solvation shell and the bulk, and the method therefore has the potential to distinguish between these two water species.
Results
We used the orientational mobility of HDO molecules dissolved in H 2 O (8%) to probe the local rigidity of the hydrogen-bond network of urea-water mixtures of different proportions. The orientational mobility of HDO was measured through polarization resolved pump-probe spectroscopy of the OD-stretching vibration. In this experiment an intense mid-infrared pulse excites the OD vibrations of a significant fraction of the HDO molecules. The pump-induced absorption changes are monitored with probe pulses that are polarized parallel and perpendicular to the pump pulse. These two signals can be combined to yield the isotropic signal ⌬␣ iso (t) that is independent of orientational processes, and the anisotropy R(t) that is independent of vibrational relaxation and only reflects reorientation (see Materials and Methods).
The ND-stretching vibration of urea (ND is formed from NH by isotopic exchange with isotopically labeled water) absorbs in the same wavelength region as the OD-stretch vibration. Its contribution to the pump-probe signal at delays Ͼ1 ps, however, is negligible because of a number of factors: the ND vibration is present at a lower concentration than the OD vibration, its cross-section (which enters quadratically in the pump-probe signal) is approximately twice as small, and, most importantly, its lifetime is much shorter than that of the OD vibration (Ϸ0.7 vs. 1.8 ps). Fig. 1 shows transient spectra of the OD-stretching vibration of HDO in a 3.4 M solution of urea. The transient spectra are plotted for a pump-probe delay of 0.6 and 20 ps. At 0.6 ps the bleaching of the fundamental transition is observed Ϸ2,500 cm Ϫ1 . For frequencies Ͻ2,410 cm Ϫ1 there is an induced absorption because of the absorption of the excited state. At 20 ps vibrational relaxation is complete; nevertheless, a nonzero transmission change is observed that shows no further decay over the experimentally accessible time range (500 ps). This transmission change results from the absorption and thermalization of the pump energy, which causes a rise in temperature and a consequent blueshift of the OD-stretch absorption band. This long time signal, which is indicative of heating, grows in during the relaxation of the OD vibration, and previous studies have demonstrated that it is important to correct the raw data for it before computing the anisotropy (17, 18) . As it has been shown in these studies that the ingrowth of the heating is delayed with respect to vibrational relaxation, we use a two-step relaxation model to describe the ingrowing heating signal (18) . The ODstretch vibration first relaxes to an intermediate state, and the subsequent decay of this state leads to the thermalization of the pump energy. A fit of the relaxation model to the data for the 3. Fig. 2b shows that the two time constants do not vary with the urea concentration, indicating that urea has a negligible effect on the vibrational relaxation of water.
The parallel and perpendicular pump-probe signals were corrected for the ingrowing heating, and the corrected signals were used to compute the anisotropy. Fig. 3 shows the resulting anisotropies at the maximum of the bleach for two urea concentrations. No significant dependence of the anisotropy on the probe wavelength was observed. The two curves can be well described by monoexponential decays with a nonzero end level. This finding points to the presence of a fast and a slow process in the reorientation of the water molecules. The decay time constant of the fast process is plotted as a function of urea concentration in Fig. 4a . This time constant does not vary significantly with concentration and has a value of Ϸ2.5 ps. The slow component has a time constant that is Ͼ15 ps. Information about the origin of these two components can be obtained from the concentration dependence of their amplitudes. To extract the amplitudes of the two components we have simultaneously fit all anisotropy curves to biexponentials. These biexponentials had the same two decay time constants for all anisotropy curves, and only the relative amplitudes of the components were allowed to vary. This procedure yielded the fits that are shown as solid lines in Fig. 3 . The two time constants had values of 2.5 Ϯ 0.1 ps and Ͼ15 ps. In Fig. 4b the relative amplitudes of the two components are shown. The fraction of the slow component increases linearly with urea concentration.
These results indicate that water in a urea-water mixture forms a two-component system. The majority of the water molecules reorient with a time constant of 2.5 ps, which is similar to the value found in previous pump-probe studies (2.5-2.7 ps) (18, 19) and NMR experiments (Ϸ2 ps) (20, 21) on bulk water. Apparently these water molecules show bulk-like dynamics and are not affected by the urea molecules. A small fraction of the water molecules, however, display remarkably slower orientational dynamics and are strongly immobilized by the addition of urea. This fraction grows linearly with the urea concentration.
Discussion
Previous work on the urea-water system has produced results that remain inconclusive as to the exact effect of urea on the orientational dynamics of water. Dielectric relaxation on 1 and 2 M solutions of urea has indicated a slight slowing down of the water dynamics (5). However, the origin of the effect has remained unclear as the data could be reproduced by both a model that assumes a spread in the reorientation times of water and one that assumes a bimodal distribution, corresponding to bulk and solvation shell water molecules. Two molecular dynamics studies have reported reorientation times for the urea-water system. Idrissi et al. (22) have simulated the dynamics of water at high urea mole fractions (Ϸ11 M) and report an increase in the reorientation time of water by an order of magnitude. Astrand et al. (9) , on the other hand, have simulated 2 M solutions and have found a slight increase in the reorientation times of only the solvation shell water molecules. Finally, NMR experiments (6) reveal no significant effect of urea on the orientational dynamics of water up to concentrations of 10 M.
Here we have used HDO as a fast and local probe of the water dynamics, and we find unambiguous proof for the existence of two types of water molecules: bulk-like water molecules and strongly immobilized water molecules. The fact that the majority of the water molecules are unaffected by the presence of urea, even at a concentration of 8 M, is surprising. At such a high concentration all water molecules are essentially part of the solvation shell of a urea molecule, which consists of five to seven water molecules, as is known from molecular dynamics simulations (11) . Given the fact that this number is slightly higher than the average number of water molecules available per urea molecule (between four and five), some water molecules may even be part of two solvation shells. If we now focus on the structure of the hydrogen-bond network in this solution, it becomes clear that it must consist roughly of water molecules that are hydrogen-bonded to one urea molecule and three water molecules. A priori one would expect this type of binding to result in a severe distortion of the tetrahedral structure of bulk water. The reorientation time of 2.5 ps, however, indicates that the water structure around urea is, in essence, undistorted. A possible explanation for this lack of distortion can be found in the way urea fits in the hydrogen-bond network of liquid water (7) . Urea has the right size to substitute for a water dimer in the hydrogen-bond network. Apparently, the molecule can reform the six hydrogen bonds that existed between the water dimer and the neighboring water molecules, so that no significant network rearrangements are needed to solvate urea.
Our pump-probe measurements provide strong evidence that a small fraction of the water molecules is strongly immobilized by urea. From the mole fractions of urea and water we estimate that about one water hydroxyl group per urea molecule is immobilized ( rot Ͼ 15 ps). It is likely that these molecules are strongly associated with urea and form specific urea-water complexes. Quantum chemical calculations (23) demonstrate that a water molecule has exactly the right size to engage in two simultaneous hydrogen bonds with urea: one hydrogen bond is donated to the carbonyl oxygen of urea, and another hydrogen bond is accepted from the cishydrogen. Such a doubly hydrogen-bonded water molecule is expected to reside in the hydration shell of urea for a relatively long time and is thus likely to cause the slow component observed in the anisotropy. Fig. 5 shows a solvation structure of urea as it arises from our experiments.
Finally, we would like to discuss the possible role of urea in protein denaturation. The explanations for protein denaturation that are found in the literature follow two distinct viewpoints, which can be traced back to two models from the 1960s. The first viewpoint (14) assumes that urea acts on a protein indirectly, by modifying the hydrogen-bond structure of water and thus perturbing water-mediated hydrophobic interactions. The second viewpoint (24) (25) (26) is based on a direct mechanism in which urea cooperates with water in the solvation of amino acid residues. In this model the weakening of hydrophobic interactions occurs because urea is more effective than water in solvating hydrophobic residues. As our experiments show that urea has a negligible effect on the hydrogen-bond structure of water, we can rule out the first (i.e., the indirect) mechanism as an explanation for protein denaturation by aqueous urea, and we are left with the hypothesis that urea is effective in solvating the hydrophobic residues of a protein (15).
In conclusion, we have presented measurements of the orientational dynamics of water molecules in mixtures of water and urea. We observed that even high concentrations of urea do not alter the reorientation time of the majority of the water molecules. From this observation we conclude that urea does not change the strength of the hydrogen-bond interactions between water molecules. A small fraction of the water molecules is, however, strongly immobilized by urea. A likely explanation is that these water molecules are engaged in specific urea-water complexes, in which two hydrogen bonds are shared by water and urea.
Materials and Methods
The samples used for our experiments are 8% solutions of HDO in H 2 O to which up to 8 M of urea had been added. The mid-infrared pump-probe measurements were carried out in a static cell with an optical path length of Ϸ25 m.
Our laser system consisted of a commercial Ti:sapphire regenerative amplifier that delivers 800-nm pulses with a duration of 100 fs and an energy of 1 mJ. This light was used to pump an optical parametric amplifier (OPA) based on ␤-barium borate (BBO). The OPA was tuned to produce idler pulses with a wavelength of 2.0 m. These pulses were frequency doubled in a second BBO crystal and subsequently difference-frequency mixed with the residual 800-nm light from the OPA, in a KNbO 3 crystal. This process yielded mid-infrared pulses that were resonant with the OD-stretch vibration, having a duration of 150 fs, a wavelength of 4 m, and an energy of a few microjoules.
The mid-infrared light was coupled into a pump-probe setup. A small fraction of the light was split off by a wedged CaF 2 window to obtain probe and reference pulses. The transmitted light formed the pump beam, and with a /2 plate, its polarization was set to 45°with respect to that of the probe beam. The pump, probe, and reference beams were focused onto the sample by an off-axis parabolic mirror and recollimated by an identical mirror that was placed after the sample. The probe and reference beams were focused onto the entrance slit of a spectrometer, which dispersed the beams onto a 2 ϫ 32 liquid-nitrogen-cooled mercury-cadmium-telluride array. Before entering the spectrometer, the probe beam passed through a polarizer, allowing the selection of either its parallel or perpendicular polarization component with respect to the pump polarization. This selection results in the transient absorptions ⌬␣ ʈ (,t) and ⌬␣ Ќ (,t), respectively. These two signals are initially different because of the preferential excitation of HDO molecules that have their OD groups aligned parallel to the pump polarization. As the delay between the pump and probe pulses increases, molecular reorientation causes the molecules to lose memory of their initial orientation, and the difference between the two signals vanishes. The normalized difference between the parallel and perpendicular absorption changes is called the anisotropy,
and the decay of this quantity reflects the molecular reorientation. The isotropic signal,
was constructed in such a way that it was free of reorientational processes and reflects the decay of the excitation by vibrational relaxation.
